Introduction
The intermittent nature of renewable sources makes their grid integration challenging and unreliable without the use of energy storage devices. Recently, there has been a significant interest in the development of new, versatile, and scalable electrochemical energy storage technologies to address this challenge. [1, 2] Flow systems such as redox flow batteries that utilize various chemistries, [3] [4] [5] electrochemical flow capacitors, and semi-solid flow batteries are promising candidates that are currently under development. [1, 2, 6] Suspension electrodes have gained increased interest in the last few years because they offer opportunities for high energy densities at low cost. Suspension electrodes are composed of an active material (participates in charge storage) submerged in an electrolyte. In some suspension electrodes, a conductive additive is added to improve the conductivity and thus the rate performance. Depending on the active material used, flowable electrodes can be categorized as: a) capacitive in which the charge storage occurs in the electric double layer (EDL) [7] [8] [9] [10] or b) faradic in which the charge storage is based on redox reactions. [1, 6, 11] Recently, capacitive flowable electrodes have been shown to possess great potential for grid-scale energy storage (e.g., electrochemical flow capacitors) [2, 9, [12] [13] [14] [15] [16] and water desalination. [17] For high-rate grid applications in which rapid fluctuations of electricity can disrupt grid opera-tion, the use of devices that have rapid-response features (e.g., fast charging and discharging) is necessary. The electrochemical flow capacitor is an example of a system that could function in these high power grid applications. [2, 9, [12] [13] [14] [15] [16] Nevertheless, similar to typical supercapacitors, the energy density of capacitive suspension electrodes is limited by the accessible surface area (Figure 1 ). To enhance energy density in supercapacitors, numerous techniques have been explored. Most notably, the use of metal oxides (e.g., MnO 2 , NiO, Nb 2 O 5 ), conducting polymers (e.g., polyaniline, polypyrrole, polythiophene), and enlarged voltage windows that use asymmetric configurations have been explored. [18] Some of these approaches rely on costly synthesis methods or require the use of potentially hazardous chemicals. Recently, the use of organic molecules that are capable of reversible redox reactions has shown significant potential to enhance the performance of film-based (static) electrodes because of their proton-coupled multielectron exchange ability during charging/discharging. [13] These molecules are preferred because they are organic in nature and derived from low-cost, widely available materials. Different redox additives have been explored in conventional supercapacitors. For example, Roldµn et al. introduced hydroquinone (HQ) as a redox-active mediator to the supporting electrolyte, and a significant enhancement in capacitance (up to~900 F g À1 ) was observed, which was attributed to the pseudocapacitance contribution by the redox-active molecules. [19] Later, they described that the addition of HQ to the electrolyte changes energy storage mechanisms at both electrodes of the device, in which the anode becomes a battery-type electrode because of the redox reaction of quinone, and the cathode retains a capacitor-type behavior. [20] These redox reactions are pH dependent; thus the performance of the mediator is related strongly to the nature of the supporting electrolyte. For film electrodes in supercapacitors, redox-active compounds, This study reports an investigation of hydroquinone (HQ) as a multielectron organic redox molecule to enhance the performance of flowable electrodes. Two different methods to produce high-performance pseudocapacitive flowable electrodes were investigated for electrochemical flow capacitors. First, HQ molecules were deposited on carbon spheres (CSs) by a self-assembly approach using various HQ loadings. In the second approach, HQ was used as a redox-mediating agent in the electrolyte. Flowable electrodes composed of HQ showed a capacitance of 342 F g À1 , which is > 200 % higher than that of flowable electrodes based on nontreated CSs (160 F g À1 ), and outperformed (in gravimetric performance) many reported film electrodes. A similar trend in capacitance was observed if HQ was used as a redox agent in the electrolyte; however, its poor cycle life restricted further consideration. In addition, a twofold increase in capacitance was observed under flow conditions compared to that of previous studies. such as potassium iodide, potassium bromide, vanadium sulfate, HQ, indigo carmine, methylene blue, and lignosulfonates, have shown a moderate increase in capacitance in H 2 SO 4 , whereas p-phenylenediamine (PPD) and m-phenylenediamine have shown a significant improvement in capacitance if used in a KOH electrolyte. [21] For flowable electrodes, in which a large portion of the total volume of the electrode is electrolyte, the introduction of redox-active mediators into the electrolyte as a source of redox reactions also represents a potential approach to enhance the overall performance of flowable electrodes. In our previous study, we showed that PPD dissolved in a basic solution (KOH) can increase the energy density of the flowable electrode through the addition of redox reactions. [13] To best of our knowledge, this is the only study that focuses on this topic.
In this study, we investigated two different pseudocapacitive flowable electrodes for the electrochemical flow capacitor (EFC) application. The first is based on electrode modification, for which we deposited different amounts of HQ on carbon spheres (CSs) by a self-assembly process. The second deals with electrolyte modification, for which we introduced various concentrations of HQ into the supporting electrolyte. A comprehensive analysis of the physical and electrochemical characteristics of both electrodes was performed to assess the optimum concentration for the best performance and to explore the advantages and limitations of these methods for the development of high-performance pseudocapacitive flowable electrodes.
Results and Discussion

Electrode modification
Morphological characterization
A solution-based route was adapted to deposit HQ molecules on CSs ( Figure 2 ). Briefly, CSs were soaked into HQ solutions of various concentrations (5, 20, 60, 80 , 100, 120 mm) in methanol for 1 h, followed by sonication and vacuum filtration to form HQ-deposited CSs (HQ/ CSs), in which the CSs served as nucleation centers for the uniform deposition of HQ molecules.
SEM images of the pristine CSs and different HQ/CSs developed using various concentrations of HQ are shown in Fig The N 2 sorption results are summarized in Table 1 . The untreated CSs show a high specific surface area (SSA) of 1446 m 2 g À1 . CSs treated with 5 mm HQ exhibit a decreased SSA of 1226 m 2 g À1 . This could be because the pores are filled with HQ molecules. At higher loadings, the SSA increased to approach 1330 and 1440 m 2 g À1 for 20 and 80 mm HQ solutions, respectively. These results are in contrast to previous reports, in which the deposition of redox-active molecules was reported to yield a significant decrease in SSA. [18, 22] This anomalous increase in SSA after the coating of CSs can be explained by analysis of the SEM images ( Figure 3 ). The formation of a porous outer HQ layer leads to additional available surface area. The pore size distributions (Figure 4 a) revealed that untreated CSs had an average pore diameter < 1 nm, whereas HQ/CSs exhibited pores with an average pore diameter up to 1.2 nm, which confirms the hierarchical and porous nature of the redox-active deposited layer. Furthermore, as the mass loading of the HQ was increased, the cumulative pore volume of the HQ/CSs was first reduced to 0.554 cm 3 g À1 (20 mm HQ) and then increased to 0.772 cm 3 g À1 (80 mm HQ), which is even higher than that of the untreated CSs. However, it is not known if this additional surface plays a role as HQ can be dissolved in the electrolyte during cycling.
Thermogravimetric analysis (TGA) was performed to quantify the amount of HQ adsorbed on the CSs (Figure 4 b ). All HQ/ CSs showed a slight mass loss at~150 8C as a result of the desorption of water molecules, which is more prominent for higher mass loadings (e.g., 80 mm HQ). As expected, pure HQ decomposed at~185 8C. However, the tested HQ/CSs with low loadings (e.g., 5 and 20 mm HQ) remained stable in the tested temperature range (20-800 8C). The measured mass loading for these concentrations was < 5 wt %, and this amount of HQ was probably trapped in the micropores of the CSs, which increased the HQ stability. However, if a higher mass loading of HQ was used, its decomposition occurred at~640 8C. This observation is in agreement with the N 2 sorption measurements and SEM analysis, from which we observed that high mass loadings of HQ (20 wt % and above) led to a porous HQ layer on the CSs surface.
Raman spectra were recorded to investigate the interactions between CSs and HQ (Figure 4 c). As the HQ loading was low, most of the time the carbon signal dominated in the Raman spectra thus no strong variations in the HQ/CSs spectra were observed. Despite this, changes in the HQ/CSs spectra were observed that confirm the presence of HQ molecules on the CSs. As expected, the spectra of the CSs are dominated by the D band at ñ = 1343 cm À1 and the G band at ñ = 1594 cm À1 , which correspond to the disorder-induced mode and in-plane vibrational mode of CSs, respectively. [15] The appearance of a broad D band (ñ = 1326 cm À1 ) and a sharper G band (ñ = 1597 cm À1 ) in the HQ/CSs electrode may indicate the interaction between the CSs and p-conjugated HQ crystals. The shoulder that appears at ñ = 1173 cm À1 in the HQ/CSs spectrum does not appear in the spectrum of the CSs but is a characteristic band of the HQ spectrum. This may be attributed to the CÀH bending deformation of the benzoid rings. The second-order Raman bands (2D and D + G) in the spectra of the CSs at ñ = 2681 and 2921 cm À1 were sharp in the HQ/CSs electrode most likely because of the interactions of HQ with the CSs. The sharp peaks that appear in the spectra of HQ and HQ/CSs (absent in the spectrum of CSs) at ñ = 3196 and 3474 cm À1 are assigned to the OH stretching vibrations. [23] Simi- lar observations were made with other tested samples that contain HQ. XRD analysis further supported the deposition of the redox molecules on the carbon substrate. Two typical intense peaks appear at 2 q = 25 and 448, which correspond to the (0 0 2) and (1 0 1) planes of graphite, and HQ/CSs showed similar but more intense and broader diffraction patterns that support HQ integration onto the CSs (Figure 4 d) .
Electrochemical characterization
All suspension electrodes were tested in a static twoelectrode symmetric configuration, similar to that used in our EFC studies reported previously. [2, 9, [12] [13] [14] [15] [16] Cyclic voltammetry (CV) was performed under ambient conditions in 1 m H 2 SO 4 at a scan rate of 2 mV s À1 to quantify the capacitance of the flowable electrodes within the potential range of À0.3 to 0.7 V (Figure 5 a) . CV results indicate that regardless of the HQ loadings, all HQ/CSs electrodes show prominent redox peaks centered at À0.1 to 0.1 V. During charging, HQ undergoes a two-electron and two-proton loss (caused by oxidation) and transforms into quinone. During discharge, the reverse reaction occurs. [19] [20] [21] An increase in the concentration of HQ leads to higher currents and broader CVs ( Figure 5 a) .
As the area under the curve is proportional to the capacitance of the electrode, the 80 mm HQ/CSs electrode demonstrates the greatest capacitance. [16] This capacitance is the sum of the double layer capacitance (caused by the adsorption of the ions in the EDL at the carbon surface) and the faradic reactions caused by the redox-active coating. [20, 21] In comparison, the gravimetric capacitance of the untreated CSs and HQ/CSs electrodes developed using 5, 20, and 80 mm HQ solution concentrations was 160, 232, 298, and 342 F g À1 , which corresponds to a capacitance of 44, 64, 83, and 95 mA h g À1 , respectively. The flowable electrode with an 80 mm HQ loading exhibited a more than two-fold increase in the capacitance compared to that of untreated CSs because of the hierarchical microstructure (lower diffusion paths for ions). This observed capacitance is comparable or even higher than many reported conventional pseudocapacitors [18, 20, 22] (Table 2) in which the active material is 90 wt % in contrast to flowable electrodes in which the active material is~20 wt % of the total weight. [16] Notably, the HQ/CSs electrodes investigated in this work exhibit a higher capacitance than flowable electrodes reported previously. [2, 9, 10, [12] [13] [14] [15] [16] Increased HQ loadings lead to an increase in the capacitance of the flowable electrodes, howev-er, a decline (290 F g À1 ) was observed for 120 mm HQ/CSs (Figure 5 b) . The maximum capacitance observed was 356 F g À1 (99 mA h g À1 ) for the HQ/CSs electrode that was produced using 100 mm HQ solution. The increase in capacitance with HQ loading can be attributed to the fact that redox molecules first fill the microporous pores of the CSs, followed by the adsorption of the monolayer of HQ on the CSs as a result of HQ-CSs p-p stacking interactions. However, the observed decline in capacitance at very high loadings can be attributed to the formation of aggregated HQ crystals, which block the pores. This would ultimately lead to a decay in the overall electrochemical performance. [24] To further examine the electrochemical performance of the flowable electrode samples, we performed galvanostatic charge/ discharge (GCPL) tests at a current density of 200 mA g À1 (Figure 5 c) . The tested HQ/CSs electrodes exhibited two prominent potential plateaus from 0.7 to 0.1 and 0.1 to À0.3 V, which demonstrates the immobilization of redox-active molecules on the CSs. [19] The first plateau of the GCPL curve can be ascribed to the capacitance that arises from the double layer, and the second plateau can be attributed to the combined capacitance of the double layer and faradic reactions of the HQ/CSs. The measured GCPL curves for all the HQ/CSs flowable electrodes showed a similar charge/discharge time, which indicates the good Coulombic efficiency of the tested electrodes (Figure 5 c) . [24] An increase of the HQ loading appears to increase the discharge time and lead to a higher specific capacitance, which is in good agreement with the CV analysis. Furthermore, the symmetric GCPL curves obtained for the tested electrodes reveal the high Coulombic efficiency and good reversibility of the redox reactions. [19, 25] The tested electrodes (untreated CSs, 5, 20, 80 mm HQ) demonstrate a similar decay in capacitance with scan rate (~30 % capacitance retention between 2-100 mV s À1 ), and the flowable electrode based on 100 mm HQ showed the worst rate performance with only 20 % capacitance retention ( Figure 5 d) . Between 2 to 20 mV s À1 , untreated, 5, 20, and 80 mm HQ flowable electrodes showed a 27, 44, 47, 29, and 46 % decline in capacitance. The observed decline in capacitance at high scan rates can be ascribed to transport limitations that are common in flow-electrodes characterized by tortuous pathways. [13, 16] 
Electrolyte modifications
Another method tested in this study to enhance the electrochemical performance of the flowable electrodes was to modify the supporting electrolyte using HQ because of the smaller size/higher mobility of HQ molecules and its excellent redox reversibility at low pH values. [26] The CV curves with respect to different concentrations of HQ in the supporting electrolyte at a scan rate of 2 mV s À1 within the potential range of 0-1 V are shown in Figure 6 a. A near rectangular CV (capacitive behavior, 160 F g À1 ) is shown inset in Figure 6 a (basic pH, no mediator). However, the addition of a small concentration of HQ (e.g., 0.05, 0.1 m) to the supporting electrolyte (1 m H 2 SO 4 ) yielded prominent redox peaks centered at~0.5 V, which can be ascribed to redox reactions of HQ. [19] As the concentration of HQ increased to 0.05, 0.1, and 0.2 m in the supporting electrolyte (1 m H 2 SO 4 ), the redox peaks broadened, which indicates the faradic reactions in a broader potential range. Moreover, the higher current responses of the CVs correspond to the remarkable increase in the capacitance caused by the combination of the double layer capacitance and redox reactions of HQ. [21] The stable symmetrical shape of the redox peaks indicates fast diffusion of the ions into the micropores of the CSs, which results in enhanced Coulombic efficiency. [24] The gravimetric capacitance values for 0.01, 0.05, 0.1, and 0.2 m HQ concentrations were 200, 224, 258, and 322 F g À1 , which correspond to capacitance values of 56, 62, 72, and 90 mAh g À1 , respectively. The twofold increase in the capacitance of the 0.2 m HQ electrolyte compared to the control experiment (160 F g À1 ) can be attributed to the higher accessible surface area, fast redox reactions, better connectivity of the CSs (efficient charge transport of electrolyte ions), and higher conductivity of the flowable electrodes. [2, 12, 21] The GCPL curve of the flowable electrode without HQ exhibited a near triangular shape (capacitive behavior). The addition of HQ yielded potential plateaus, which appeared in a broad potential range and confirm the faradic reactions of HQ (Figure 6 b ). [24] With increased concentrations of HQ, the discharge time and capacitance were observed to increase. Moreover, the symmetric shape of the GCPL curves corresponds to highly reversible redox reactions and good Coulombic efficiency. [27] At 2 mVs À1 , an optimal HQ concentration emerges at 0.4 m www.chemsuschem.org (365 F g À1 /101 mAh g À1 ). The capacitance declines above 0.4 m HQ (Figure 6 c) . This may be attributed to the formation of aggregates of HQ on CSs, which limits the effective utilization of the electroactive material (e.g., 0.6, 0.8 m, etc.). The concentrations around the optimum (0.2, 0.4, and 0.6 m HQ) were compared to assess the rate performance (Figure 6 d) . The rate performance declines with the increasing concentration of HQ beyond 0.2 m HQ. Electrodes with 0.2, 0.4, and 0.6 m HQ concentrations demonstrate 35, 52, and 62 % capacitance retention, respectively. The decrease in rate performance with increased concentration indicates that the concentrations may exceed the solubility limit and impede electron and ion transport.
Electrolyte versus electrode modification and intermittent flow tests
A detailed comparison of the flowable electrodes produced by these two methods was performed. First, both modification methods (electrolyte and electrode) are compared in a Ragone plot (Figure 7 a) . The 80 mm HQ/CSs flowable electrode (electrode modification) showed a higher energy density over a wide range of power density than the 0.2 m HQ-H 2 SO 4 flowable electrode (electrolyte modification by redox-mediating agent). As the scan rate was increased, the decline in energy and power density for the 0.2 m HQ-H 2 SO 4 flowable electrode was observed to be higher. The energy density of the 80 mm HQ/CSs flowable electrode was~12 Wh kg À1 at a power density of 86 W kg À1 , which was reduced to 3.6 Wh kg À1 at a power density of 1303 W kg À1 . However, for the 0.2 m HQ-H 2 SO 4 flowable electrode, the energy density was~11 Wh kg À1 at 80 W kg À1 , which was further reduced to 2.91 Wh kg À1 at a high power rate of 1051 W kg À1 . Nevertheless, the electrodes produced by both methods showed an almost twofold increase in energy density compared to the untreated CSs flowable electrode, which showed an energy density of 5.6 Wh kg À1 (per weight of carbon) at a low power. This more than twofold increase in energy density can be attributed to the additional pseudocapacitance contribution caused by the faradic reactions on the carbon surface as a result of redox-active HQ. [19] In pseudocapacitive film-based electrodes, cycle life represents a major issue because of the degradation of the redoxactive materials that leads to the deterioration of the electrochemical performance. [13, 18] To better evaluate the method of choice for future EFC applications, the rate performance of the flowable electrodes was investigated using CV at a sufficiently high scan rate of 20 mV s À1 for 1000 cycles for the best-performing flowable electrodes (Figure 7 b) . It is clear that electrode modification of the active material appears to enable a significantly improved rate performance compared to the electrolyte modification using redox-active molecules as mediators. The decline in performance for the HQ/CSs flowable electrode was~50 % after 1000 cycles, whereas the decline was more than 90 % for the same number of cycles in the electrolyte modification case. A lower decline in performance with cycling for the electrode modification case reveals the good integration of the redox-active HQ with the carbon surface as well as within the micropores of the CSs.
The comparison of the HQ/CSs flowable electrode with a conventional supercapacitor film electrode shows a higher decline in capacitance. This can be attributed to numerous factors. First, film-based electrodes are typically composed of a more than fourfold higher amount of the active mass (90 wt %) and, therefore, offer more efficient percolation pathways, which enables shorter diffusion paths for ion and electron transport properties. Second, cycling at a lower scan rate and longer time may lead to a much better performance for flowable electrodes; but drying of the slurry was an issue. It is anticipated that many parameters, such as the pH of the electrolyte solution, concentration of the electrolyte, and connectivity/ conductivity of the slurry, can be controlled in flow mode if testing is performed in a closed system. An overview of redoxmediating agents used commonly and a comparison of the film and flowable electrodes that utilize redox mediators and HQ-deposited CSs are provided in Table 2 . It appears that the suspension-based electrodes (<~20 wt % active material) tested in this study demonstrate a much improved capacitance compared to the majority of film electrodes reported previously (~90 wt % active material).
Several tests were performed under intermittent flow conditions (Table 3) to assess the performance of the flowable electrodes in flow mode. In these flow tests, the optimal case (80 mm HQ/CSs) for the electrode modification was compared with the untreated CSs electrode (Figure 8 ). During charging, both HQ/CSs and pristine CSs electrodes demonstrated an exponential current decay if they were charged potentiostatically. The volume of each electrode was~0.5 mL, in which the electrodes in both cases were~1.5 mm thick (approximately three times thicker than that in static tests). During discharge, the peak current for both electrodes demonstrated a significant decrease. This decrease in peak current can be described by the self-discharge (charge redistribution) that occurs if the carbon flows from a polarized state. Nevertheless, the capacitance of the HQ-deposited flowable electrode was 64 F g À1 (18 mA h g À1 ), which was 56 % higher than the untreated CSs electrode (41 F g À1 or 11 mA h g À1 ). This capacitance is almost double the values reported previously. [2, 14, 15, 17] The lower performance recorded in the flow test compared that of the static mode can be attributed to the unoptimized flow-cell design and related operational losses, increased thickness of the electrode, a lower active material content (16 wt % for better flowability), and hydraulic handling of the suspension electrode (e.g., resistances caused by flow).
Conclusions
In this study, we report the performance of pseudocapacitive flowable carbon electrodes based on hydroquinone (HQ) that were developed using two different low-cost and scalable approaches. In the first approach, flowable electrodes were produced by depositing HQ from the solution onto carbon spheres (CSs). The SEM and BET results revealed that HQ molecules filled the micropores of the CSs and formed a porous surface layer on the CSs. Electrochemical performance tests showed that among the tested compositions, the 80 mm HQ/ CSs flowable electrode demonstrated the highest specific capacitance of 342 F g À1 , which is > 200 % higher than the flowable electrode based on untreated CSs (160 F g À1 ). Moreover, this electrode composition yielded an energy density of 12 Wh kg À1 in an aqueous electrolyte, which is significantly higher than the values observed for untreated CSs electrodes (5.6 Wh kg À1 ) and flowable electrodes reported previously. In the second case, HQ was used as a redoxmediating agent in the supporting electrolyte and only high-surface-area CSs were utilized as an active electrode material. Among the concentrations tested, the 0.2 m HQ electrolyte demonstrated the best electrochemical performance to yield 322 F g À1 (90 mA h g À1 ) capacitance and an improved rate performance. If the electrodes made by the two methods are compared, cycle life tests indicate that the samples that contain redox mediator show a poorer cycle life than deposited HQ flowable electrodes. In terms of performance, both methods showed an almost twofold increase in energy density compared to the untreated CSs electrodes. This enhanced energy density can be attributed to the additional pseudocapacitance contribution caused by the faradic reactions on the carbon surface because of the redox-active HQ. The performance of the 80 mm HQ/CSs flowable electrode was also investigated under intermittent flow conditions and yielded a capacitance of 64 F g À1 (18 mA h g À1 ), which is~50 % higher than the flowable electrodes based on pristine CSs.
In summary, the findings of this study suggest that the incorporation of HQ as a redox-active mediator enhances the electrochemical performance of the suspension electrodes as a result of added redox capacitance, which highlights the importance of the investigation of redox-active molecules to develop high-performance pseudocapacitive flowable electrodes for large-scale energy storage.
Experimental Section Materials
All the regents used in this study were of analytical grade. The active material used for the preparation of the flowable electrodes was activated CSs (250 mm) derived from polymer beads (Carbon-Ukraine, Kiev, Ukraine). A baseline experiment was performed using 1 m H 2 SO 4 (95-98 wt %, Fischer), which was later used as a supporting electrolyte to test the electrochemical performance of the flowable electrodes. Electrode and electrolyte modifications were performed using HQ purchased from Sigma Aldrich (> 99.99 % pure). Carbon black was used as a conductive agent in each suspension electrode and was provided by Alfa Aesar, USA (100 % compressed). Methanol was purchased from Fischer scientific (> 99.8 %).
Electrode modifications (HQ/CSs)
To modify the surface of the CSs with redox-active molecules, the following procedure was used. Six solutions that contained 5, 20, 60, 80, 100, and 120 mm of HQ in methanol were made. Then, CSs (300 mg) were soaked and sonicated in the desired concentration of HQ solution (90 mL) for 1 h to deposit the HQ on CSs. [27] After 1 h soaking/sonication, the self-assembled HQ/CSs electrodes were filtered through a polytetrafluoroethylene membrane that had a pore size of 0.45 mm and rinsed with methanol and deionized 
Preparation of the flowable electrodes
The detailed procedure for the preparation of the capacitive flowable electrodes has been published previously. [2, 9, [12] [13] [14] [15] [16] In general, activated CSs and carbon black were mixed together at a ratio of 9:1 followed by the addition of the electrolyte (1 m H 2 SO 4 ) to attain 23 wt % solid fraction, a predetermined baseline composition to achieve balanced electrochemical and rheological properties. [12] In the case of electrolyte modifications, nontreated CSs, carbon black, and 1 m H 2 SO 4 modified with redox-mediating agent (HQ) were mixed to achieve flowable electrodes for electrochemical tests. In the case of HQ/CSs, carbon black and 1 m H 2 SO 4 were mixed to make suspension electrodes. In both cases, the slurry was first weighed followed by the addition of~4-5 drops of DI water to ensure the uniform mixing of carbon black and active material. The whole suspension was stirred and heated mildly to evaporate the DI water.
Morphological characterization
SEM images of the as prepared HQ/CSs were recorded by using a Zeiss Supra 50VP instrument (Carl Zeiss AG, Germany) that was operated at 3 kV to investigate the morphological features of the deposited redox molecules after various treatments. TGA was performed by using a TGA analyzer (TA instruments) under Ar. All HQ/ CSs samples were first held at 150 8C to eliminate any trapped water for 1 h, and subsequently heated to 800 8C at 2.5 8C min À1 . N 2 sorption experiments were performed to measure the SSA and pore size distributions (PSDs) by using a Quadrosorb gas sorption instrument (Quantachrome, USA) using N 2 at À196 8C. Both the BET method and DFT models were used to calculate the SSA of the as prepared HQ/CS materials using adsorption data measured in the relative pressure (P/P 0 ) range of 0.05-0.2. PSDs were derived from quench-solid density functional theory (QSDFT) by assuming a slit-shaped pore geometry, whereas total pore volumes were calculated at P/P 0 = 0.99. XRD patterns were measured by using a Rigaku SmartLab diffractometer (Rigaku Corporation, Tokyo, Japan) using CuK a radiation with 2 q = 0.028 steps and 1 s dwell time. Raman spectra were recorded by using a Renishaw inVia Spectrometer with a 514 nm laser as the excitation source.
Electrochemical measurements
The electrochemical performance of each flowable electrode was investigated by using a two-electrode static symmetric cell configuration that has two stainless-steel current collectors. Channels of the static cell that have an area of 1 cm 2 were loaded uniformly with the prepared flowable electrodes. If compressed fully, the channel depth was measured to be 610 mm. A polyvinylidene fluo-ride (PVDF) membrane (average mesh size 100 nm, Durapore; Merck Millipore, Germany) was used as an insulating separator between the two flowable electrodes. Each electrode comprised 32 mg of carbon with a solid fraction of 23 wt %. The electrochemical performance of the flowable electrodes was studied by CV and GCPL tests in a symmetric two-electrode cell configuration. A VMP3 or VSP potentiostat/galvanostat (BioLogic, France) was used to investigate the electrochemical performance of the flowable electrodes under ambient conditions. Intermittent flow tests were performed on the optimized flowable electrode by pumping the uncharged slurry into the flow cell with a syringe (~0.5 mL). After the electrodes were in the cell, the cell was charged potentiostatically at 0.9 V for 20 min. After 20 min, the flowable electrode (anode and cathode), were pumped out of the cell, and then pumped back into the cell. After the pumping process, the cell was discharged at 0 V for 20 min. It is energetically favorable to operate flowable electrodes in this intermittent flow mode rather than in a continuous fashion, which is seen commonly in redox flow batteries. [9] The resulting chronoamperometric profile was examined to determine the electrochemical performance of the flowable electrode under intermittent flow mode. The discharge curve was used to extract the gravimetric capacitance using Equation (1):
in which DE is the discharge voltage window, and m is the mass of carbon in one electrode. The volumetric capacitance, C vol , was calculated using Equation (2):
in which 1 slurry is the density of the active slurry.
